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INTRODUCTION 


Monitoring  the  enro  of  epoxy  resins  by  aessurenent  of  the 
dielectric  properties  is  s  well-established  technique.  Conven¬ 
tional  aethods  nse  either  parallel-piste  or  coab-eleetrode 
structures  in  conjunction  with  s  cspscitsnce  bridge  £1—51 . 
Recently,  s  new  systea  known  ss  aicrodielectroae try  hss  been 
developed  [6.71.  It  uses  sn  integrsted  circuit  aicrosensor  that 
combines  ainisture  coab  electrodes  with  saplif icstion  snd  teap- 
erature  aeasureaent  in  a  single  probe.  Microdielectroaetry  has 
already  been  used  to  aonitor  the  cure  of  nest  epoxy  resins  [6- 
8] .  The  cure  of  fiber-reinforced  coaposites  presents  additional 
probleas  because  of  the  presence  of  fibers,  which  nay  be  con¬ 
ducting,  and  because  the  electrode  systea  used  aust  be  coapat- 
ible  with  the  shape  of  the  part  being  fabricated.  This  paper 
reports  the  use  of  aicrodieleotroaetry  to  aonitor  cure  in  typ¬ 
ical  coaposites.  A  aethod  of  eabedding  the  saall  aicrodielec¬ 
troae  try  probe  into  the  laainate  was  devised,  snd  cure  aeasure¬ 
aent  s  were  performed  on  both  glass-fiber-reinforced  and  graph- 
ite-fiber-reinforced  laainates. 

EQUIPMENT  AND  PROCEDURES 

Microdielectroaetry  sensors  were  obtained  froa  Microaet 
Instruments.  The  integrated  circuit  sensor  has  dimensions  2.S  x 
5  aa.  and  is  packaged  in  a  flexible  ribbon  cable  with  overall 
width  of  about  9  aa.  and  a  thickness  of  about  0.4  aa.  The 
sensor  is  driven  by  MIT's  research  aicrodielectroae ter  instru- 
aent.  which  is  functionally  equivalent  to  a  Microaet  Instruaents 
Systea  II  Microdielectroaeter.  This  instruaent  aessures  the 
dielectric  permittivity  s'  and  the  dielectric  loss  s"  of  what¬ 
ever  aaterial  is  in  contact  with  the  sensor's  electrodes.  The 
frequency  rsnge  used  in  these  experiments  was  1  -  10,000  Hz. 

The  sensor  also  includes  a  theraal  diode  which  aeasnres  saaple 
teaperature. 

Five-inch  square  laainates  were  aade  froa  two  types  of 
aaterials.  The  first  was  s  circuit-bosrd  type  of  epoxy-glass 
prepreg,  with  a  DICT-eured  broainated  DGEBA  resin.  The  second 
wss  s  graphite  cloth  with  an  uneatalysed  7SMDA-DDS  aatrix  resin 
(Fiberite  970 .  The  sensor  was  eabedded  into  the  laainate  by 
cutting  holes  in  the  central  plies  just  slightly  lsrger  than  the 
sensor  (Figure  1).  The  oversll  laainate  thickness  was  designed 
so  that  the  sensor  would  not  support  the  full  load  of  the  pla¬ 
tens  during  lsaination.  This  corresponded  to  11  plies  of  the 
glass  prepreg,  or  4  plies  of  the  graphite  prepreg.  Cure  of  the 
laainates  was  done  in  a  Carver  Model  2518  hydraulic  lab  press 
(12"  platens)  with  platen  temperatures  controlled  by  s  Vizard 
Model  1601  controller.  The  typical  cure  sequence  was  to  reap 
the  press  teaperstnre  froa  rooa  teaperature  to  177*C  at  5*/ain, 
then  holding  at  that  teaperature.  Lanina t ion  pressure  was  main¬ 
tained  at  60  psi  throughout  the  cure.  Total  cycle  tiae  was 
typically  two  hours. 


DIELECTRIC  PROPERTIES 


Tli*  application  of  an  alternating  electric  field  to  a  nat- 
erial  prodncea  a  polarization  reaponae  deacribed  by  the  coaplex 
dielectric  eonatant.  The  real  part  of  the  reaponae.  called  the 
peraittivity  and  denoted  by  s',  aeaenree  the  polarization  that 
is  in  phaae  with  the  applied  field.  The  iaaginary  part  of  the 
reapoae,  called  the  dielectric  lota  factor  and  denoted  by  e*. 
aeaanrea  the  out-of-phase  coaponent  of  the  polarization,  and  ia 
deterained  by  energy  diaaipation  in  the  aaaple  during  the  polar¬ 
ization  proeeaa. 

The  ezperiaentally  obaerved  peraittivity  and  lota  factor 
inclnde  both  bulk  and  intarfaee  effecta.  The  bulk  peraittivity 
is  deterained  by  the  orientation  of  aolecular  dipolea  in  the 
applied  electric  field.  The  bulk  loaa  factor  can  include  lota 
terns  aasociated  with  dipole  orientation  and  contributiona  froa 
the  bulk  conductivity  of  the  aaterial.  In  the  ezperiaents 
reported  here,  the  obaerved  loaa  factor  ia  coapletely  dominated 
by  conductivity  effects;  no  characteristic  dipolar  loaa  peaks 
are  observed. 

The  conductivity  arises  froa  ions  that  are  always  present  to 
sone  degree  in  coaaercial  resins.  These  ions  nay  be  residues  of 
the  cheaical  synthesis,  aay  arise  froa  week-electrolyte  ioniza¬ 
tion  of  coaponents  of  the  resin/curing  agent  aixture,  or.  aay 
cone  froa  the  fiber  or  froa  the  fiber  anrface  treataent. 

When  conductivity  doainates  the  dielectric  loss  factor, 
there  is  a  staple  relation  between  lose  factor  and  conductivity: 


In  this  expression,  a  ia  the  conductivity  in  (Oha-ca)  1,  a  is 
the  angular  frequency  of  the  aeasurenent  in  rad/ sec,  and  *0  4* 
the  peraittivity  of  free  space  (8.85  x  10  Farada/ca). 

The  conductivity  can  be  further  expressed  as 

«  -  2 

where  zt  is  the  valence  of  the  ith  ionic  species,  q  is  the 
electronic  eherge,  n.  is  the  concentration,  and  |i,  ia  the  aobil- 
ity.  The  priaary  effect  of  cure  is  to  restrict  the  aotion  of 
ions  through  the  aatrix  resin  (i.e.,  to  reduce  the  aiobility). 

As  a  result,  while  the  conductivity  increases  with  increasing 
teaperatnre,  it  decreases  with  increasing  extent  of  cure.  This 
aeans  that  during  a  raaped  cure  of  a  partially  staged  resin  or 
prepreg.  one  sees,  first,  an  increase  in  conductivity  as  the 
resin  aelts  and  flows,  and  later,  a  decrease  in  conductivity  as 
the  cure  proceeds  toward  completion. 


There  is  en  import sat  interface  effect  that  is  observed  in 
■ost  resin-cure  experiments.  It  is  the  polarisation  of  the 
electrodes  dne  to  the  bnildnp  of  ions  at  blocked  electrodes  [9]. 
This  effect  is  observed  whenever  the  conductivity  is  large 
enongh  and  the  frequency  low  enough  to  permit  observable  charg¬ 
ing  of  the  electrode  blocking  layer  during  one  cycle  of  the  ac 
waveform.  The  primary  experimental  effect  of  blocking  layer 
polarisation  is  that  the  experimental  value  of  e’  is  much  great¬ 
er  than  the  true  bulk  value.  A  secondary  effect,  which  occurs 
only  when  polarisation  is  significant,  is  a  reduction  of  the 
experimental  value  of  c"  from  its  true  bulk  value.  A  quantita¬ 
tive  model  of  polarisation  effects  is  demonstrated  in  [91. 

Electrode  polarisation  effects  were  observed  in  the  experi¬ 
ments  described  here,  particularly  at  the  lower  frequencies. 

The  full  analysis  of  these  effects  will  be  the  subject  of  a 
future  publication.  The  data  presented  here  will  emphasise 
those  results  in  which  the  effects  of  electrode  polarisation  can 
be  ignored.  Thus,  we  present  only  loss  factor  data  (rather  than 
permittivity),  and  in  the  discussion,  emphasise  the  results  at 
the  higher  frequencies  where  polarisation  effects  are  absent. 

EXPERIMENTAL  RESULTS 

Figure  2  illustrates  the  loss  factor  versus  time  for  a 
typical  cure  of  a  glass  fiber  reinforced  prepreg.  Measurements 
at  1.  10.  100.  1000.  and  10000  Ex  are  made  in  succession  as  cure 
proceeds.  Initially,  the  sensor  is  resting  in  a  cavity  sur¬ 
rounded  by  air.  with  no  resin  in  contact  with  the  electrodes. 

As  a  result,  the  measured  loss  factor  is  small,  and  the  instru¬ 
ment  indicates  a  minimum  (or  default)  value  at  all  frequencies. 
At  about  10  minutes  into  the  ramp,  hence  at  a  temperature  of 
about  70*C.  a  noisy  but  dramatic  increases  in  loss  factor  oc¬ 
curs,  signifying  the  melt  and  flow  of  the  resin  onto  the  sensor 
surface.  At  about  18  minutes,  coverage  of  the  sensor  is  com¬ 
plete,  and  the  quantitative  measurement  of  resin  loss  factor 
begins.  The  lowest  frequencies  go  rapidly  off  scale,  while  the 
higher  frequencies  remain  on  scale.  Note  the  parallel  behavior 
of  curves  at  difference  frequencies,  indicative  of  conductivity- 
dominated  behavior.  All  curves  reach  a  peak  at  about  25  min¬ 
utes.  which  corresponds  to  the  end  of  the  temperature  ramp.  At 
this  point,  the  temperature  is  held  constant,  and  the  loss 
factor  decreases  due  to  cure. 

Figure  3  illustrates  the  reproducibility  of  the  loss  factor 
measurements.  Two  independently  prepared  samples  of  glass  rein¬ 
forced  prepreg  were  monitored  by  different  sensors.  The  first 
sample  was  cured,  the  press  was  water  cooled  to  just  below  room 
temperature,  and  then  the  second  sample  was  cured.  The  data  for 
both  cure  runs  are  plotted  at  two  frequencies.  The  irregular 
differences  early  in  cure  can  be  attributed  to  differing  details 
during  the  initial  flow  and  electrode  coverage  portion  of  the 
cycle,  and  the  slight  shift  between  the  two  maxima  is  attribut- 


*ble  to  slightly  cooler  stsrting  temperatures  for  the  platens  in 
the  second  run.  However,  once  the  hold  temperature  is  reached, 
the  reanlts  of  the  two  rnns  are  nearly  identical. 

The  frequency  dependence  of  •”  can  be  need  to  extract  the 
value  of  conductivity.  Figure  4  shows  the  eM  measured  at  the 
end  of  cure  for  a  glass-epoxy  laminate  compared  with  the  corres¬ 
ponding  a"  values  taken  from  a  cure  of  neat  resin  which  had  been 
flaked  from  a  sample  of  the  glass-epoxy  prepreg.  placed  on  the 
sensor,  and  run  through  the  same  temperature  cycle  as  the  laar- 
inate  (but  with  no  applied  presaure).  It  is  interesting  to  note 
that  the  frequency  dependence  of  e"  in  both  cases  is  close  to 
the  1/m  behavior  one  would  expect  for  a  conductivity-dominated 
eM.  and  that  the  e"  value  in  the  laminate  is  a  factor  of  10 
larger  than  that  of  the  neat  resin.  The  conductivity  values 
corresponding  to  these  data  are  6.9  x  10“®  (Ohm  cm)-*  for  the 
laminate  resin,  and  7.2  x  10~10  (Ohm-cm)-1  for  the  neat  resin. 

Ve  do  not  yet  understand  the  reason  the  difference  between  the 
two  measured  conductivities,  a  result  which  has  been  reproduced 
several  times.  One  possibility  is  that  when  the  laminate  is 
cured,  additional  ions  leach  out  of  the  glass  fiber  or  out  of  a 
surface  treatment  layer  on  the  glass  fiber.  Another  possibility 
is  that  the  glass  fibers  are  sufficiently  conductive  at  the  cure 
temperature  to  contribute  to  A  third  possibility  is  that 

interface  effects  between  the  matrix  resin  and  the  glass  fiber 
lead  to  enhanced  measured  eM.  Identification  of  the  origin  of 
this  difference  is  a  subject  of  current  study.  An  important 
implication  of  this  result  is  that  great  care  mast  be  used  in 
attempting  to  use  results  obtained  from  neat  resins  to  predict 
electrical  behavior  of  composites. 


Cure  studies  have  also  been  carried  out  on  the  graphite 
fiber  reinforced  laminates,  although  some  significant  practical 
difficulties  were  also  encountered.  Because  the  fibers  them¬ 
selves  are  highly  conductive,  direct  contact  between  a  fiber  and 
the  electrodes  can  short  out  the  sensor,  making  the  meaanrement 
inoperative.  Vhile  this  did  occur  in  some  lay-ups.  in  most 
cases  the  slightly  raised  facing  of  the  sensor  package  held  the 
fibers  off  the  electrodes,  so  that  electrode  shorting  doe  to 
fibers  did  not  occur.  However,  an  interesting  adhesion  interac¬ 
tion  between  the  TGMDA-DDS  matrix  resin  and  the  sensor  and 
package  materials  was  observed,  which  resulted  in  a  delamination 
of  the  resin  from  the  surface  of  the  sensor  during  some  runs, 
with  an  accompanying  loss  of  measurement  integrity.  A  similar 
effect  has  been  observed  by  Sanjana  [10].  To  test  whether  the 
adhesion  loss  was  due  to  the  fibers  or  to  the  resin,  some  un¬ 
reacted  resin  was  squeezed  from  the  grsphite  prepreg  using  the 
press.  This  resin  was  placed  on  the  surface  of  the  sensor,  and 
the  device  was  exposed  to  the  normal  temperature  ramp.  Shortly 
after  the  resin  liquified,  it  was  observed  to  adhere  selectively 
to  the  Kapton  sensor  package,  spontaneously  delaminating  from 
the  surface  of  the  sensor  and  moving  under  the  influence  of 
surface  tension  entirely  onto  the  package.  The  implication  is 
that  during  an  experiment  la  a  laminate,  there  is  a  tendency  for 


the  resin  to  leave  the  sensor  surface.  The  force  of  the  press 
opposes  this  delaainatioo.  However,  the  detailed  package  de¬ 
sign.  in  which  the  graphite  fibers  are  snapended  above  the 
electrode  region  by  the  edge  of  the  Kapton  package,  stay  actually 
be  contributing  to  the  adhesion  loss  by  supporting  the  fibers 
which  lift  the  resin  off  the  electrodes.  More  work  in  this  area 
is  required. 

A  snggested  test  for  whether  the  resin  has  delaminated  is 
the  aeaared  permittivity  [10].  Even  partial  lamination  will 
result  in  a  drop  in  s’  from  its  nominal  value  at  the  end  of  cure 
(5  in  these  experiments)  toward  a  value  of  1  (air).  Based  on 
this  criterion,  and  in  spite  of  the  experimental  difficulties, 
several  excellent  runs  were  obtained  in  graphite,  as  illustrated 
in  Figure  S.  The  behavior  of  the  data  early  in  cure  is  more 
complex  than  that  obtained  from  the  glass-epoxy  system,  and  is 
not  understood  in  detail.  Toward  the  end  of  cure,  however,  the 
characteristic  decrease  in  the  e"  values  to  a  stable  endpoint, 
and  the  s”  frequency  dependence  suggestive  of  conductivity- 
dominated  behavior  are  observed. 

SUMMARY  AND  CONCLUSION 

Microdielectrometry  has  been  shown  to  offer  a  simple  and 
effective  method  of  monitoring  the  cnre  in  epoxy-glass  lam¬ 
inates,  although  further  improvements  in  experimental  lay-up 
techniques  to  improve  reproducibility  early  in  cure  are  needed. 
The  presence  of  the  glass  fibers  appears  to  increase  the  conduc¬ 
tivity  of  the  matrix  resin  over  that  obtained  from  a  cure  of 
resin  flaked  from  the  prepreg  prior  to  cure,  suggesting  a  direct 
contribution  of  the  glass  to  the  overall  conductivity.  Prelim¬ 
inary  cure  results  have  also  been  obtained  in  graphite-epoxy 
laminates,  although  new  experimental  techniques  must  be  found  to 
improve  the  integrity  of  the  sensor/ resin  interface  during  cure. 
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Figure  2 


Loss  factor  vs  cure  time  for  a  glass-fiber  reinforced 
prepreg  at  5  frequencies. 


Figure  3.  Reproducibility  of  loee  factor  re  cure  tiae  for 
glass-fiber  reinforced  prepreg. 


Loss  factor 


Figure 


I02 


10 


10° 


10‘* 


I02 


X. 


v  Composite 


Neat  Resin 


I03  I04 

Frequency  ( Hz) 


I05 


.  Conparison  of  lots  factor  ts  frequency  of  cored  neat 
reein  and  cored  coapoaite  containing  the  taae  reain. 


Loss 


io-|L 
10-2 
I0"3 
I0-4, 


I  I 


I 


_L 


10000Hz 


1 


40  80 

Time  (minutes) 


I2C 


Figure  5.  Lots  factor  cart  tint  for  graphite-fiber 
reinforced  prepreg. 
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